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SUMMARY

In autoimmune thyroid disease, thyroid epithelial cells (TEC) express major histocompatibility

complex (MHC) class II molecules, potentially enabling them to present thyroid self-antigens to

CD4-positive T cells. However, despite this, TEC may fail to present endogenous antigen as a result

of limited processing or MHC class II loading capacity, or inadequate MHC class II levels. We

addressed these issues using the cloned rat TEC line, Fischer rat thyroid cell line (FRTL5), which

was transfected using an adenoviral expression vector that expressed ovalbumin (OVA) as an

integral membrane protein. OVA-expressing FRTL5 cells very ef®ciently activated a panel of OVA-

speci®c, class II-restricted T-cell hybridomas. This response was dependent on induction of MHC

class II molecules by interferon-c (IFN-c) and was blocked by anti-MHC class II antibodies. Poor

responses were seen to exogenously added OVA or OVA peptides. These results provide the most

direct evidence to date that TEC can form MHC class II±peptide complexes derived from self-

antigen in suf®cient quantities to activate T cells.

INTRODUCTION

Autoimmune thyroiditis is the most common autoimmune

disease seen in humans.1 Major histocompatibility complex

(MHC) class II molecules are not present on thyroid epithelial

cells (TEC) from normal thyroid tissue, but class II expression

on TEC is frequently seen in autoimmune thyroid disease,

almost certainly in response to cytokine (predominantly

interferon-c [IFN-c]) secretion by the lymphocytic in®ltrate.2,3

If endogenous self-antigens present within the TEC can gain

access to these MHC class II molecules, this raises the

possibility that TEC can directly engage the antigen receptor

of self-reactive CD4+ T cells. Such an interaction may then

activate these T cells, fuelling the autoimmune process, as

originally proposed by Bottazzo et al.4 Alternatively, depend-

ing on the costimulatory ability of the TEC, the interaction

may result in T-cell anergy or apoptosis, representing a

protective mechanism to down-regulate autoimmunity.5 Either

result is likely to have signi®cant effects on the autoimmune

process. Hence it is important to establish whether endogenous

antigens can indeed gain access to the MHC class II pathway in

TEC.

It has previously been shown that TEC derived from

autoimmune glands can present viral peptides to T cells and

restimulate cloned thyroid-speci®c T cells derived from the

same gland;6,7 however, contamination by dendritic cells in

these studies cannot be excluded. Lombardi et al. found that

human TEC were able to stimulate T cells that were not

dependent on B7 for costimulation and were able to `anergize'

cells that were B7 dependent,8 but viral peptides were again

used as a source of antigen. Others have found human TEC to

have only weak antigen-presenting function,9,10 but the ability

of TEC to present endogenous proteins was not examined. In

rodent studies, some workers,11,12 but not others,13±15 have

been able to show antigen presentation by TEC, but again the

role of endogenous antigen could only be assessed indirectly.16

To address, more directly, the issue of access to the MHC

class II pathway in TEC by endogenous antigen, we developed a

system in which the cDNA encoding a test antigen was

introduced into a thyroid cell line, and cloned T-cell hybridomas

(which are not subject to the variable additional costimulatory
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requirements of untransformed T cells) were used to detect the

generation of class II±peptide complexes. The Fischer rat

thyroid cell line, FRTL5, was used as these cells are not tumour-

derived or virally transformed and retain many specialized

functions of TEC (e.g. thyrotropin-dependent growth, iodine

trapping and inducible MHC class II expression).17

MATERIALS AND METHODS

Reagents

Ovalbumin (OVA) and the control protein horse myoglobin

(HMG) were obtained from Sigma (St Louis MO). Ninety-four

overlapping 15-mer peptides spanning the entire OVA

sequence and advancing by four amino acids at a time were

custom synthesized by using multipin peptide synthesis

technology (Chiron Mimotopes, Clayton, Victoria, Australia).

The following antibodies were used for cell immuno¯uores-

cence staining, and/or antigen-presentation blocking experi-

ments: monoclonal murine anti-rat MHC class I (OX-18;

Serotec) and MHC class II RT1B (OX-6; Serotec, Oxford,

UK), mouse anti-rat trans-Golgi network protein-38 (TGN38)

(2F7.1B1; Af®nity BioReagents, Golden, CO), polyclonal rabbit

antiovalbumin antibody (Sigma) and irrelevant mouse immu-

noglobulin (Serotec). Appropriate secondary ¯uorochrome-

conjugated antibodies were purchased from Sigma or Pharmin-

gen (Oxford, UK). Rat IFN-c was a kind gift from P. H. van der

Meide (TNO Primate Centre, Rijswijk, the Netherlands).

Cell lines

FRTL5 cells (donated by Dr L. Kohn and Dr N. Marshall)

were cultured in 2.1.1 growth medium composed of Dulbecco's

modi®ed Eagle's minimal essential medium (DMEM; Gibco,

Paisley, UK), Ham's F12 (ICN Flow, Basingstoke, UK) and

MCDB 104 (Gibco), mixed in a 2 : 1 : 1 ratio, respectively.

Medium was supplemented with 5 mU/ml of bovine thyro-

trophin (Sigma), 5 mg/ml of bovine transferrin, 10 mg/ml

bovine insulin, 10x8
M hydrocortisone, 4.5 mg/ml of ascorbic

acid, 100 U/ml of penicillin, 0.1 mg/ml of streptomycin, 1 mM

sodium pyruvate, 2 mM glutamine and 5% (v/v) heat-inacti-

vated donor calf serum.

The murine interleukin-2 (IL-2) indicator cell line

CTLL-2 (donated by Dr K. Hawrylowicz) was maintained in

complete RPMI-1640 (Gibco), supplemented with antibiotics,

5r10x5
M 2-mercaptoethanolamine and 10% (v/v) heat-inacti-

vated fetal calf serum (FCS; Gibco) to which 20 ng/ml of

recombinant human IL-2 was added (Biogen, Geneva, Switzer-

land). The murine lymphoma hybridoma fusion partner

BW5147 (clone BW5147.G.1.4 purchased from ECACC, Porton

Down, Salisbury, UK) and human kidney cell line HEK-293

were both maintained in complete RPMI-1640 medium.

Animals and immunizations

All animal work was performed in accordance with local ethical

guidelines. Six-week-old female Lewis rats were immunized at

the tail base with 100 mg of OVA in 50 ml of complete Freund's

adjuvant. The animals were killed after 10 days and inguinal
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Figure 1. (a) Flow cytometry analysis of ovalbumin (OVA) expression by Fischer rat thyroid cell line (FRLT5) cells transfected with

AdOVA±TGN38' in the absence (left panel) or presence (right panel) of 100 IU/ml of interferon-c (IFN-c). Shaded peak, control

mouse immunoglobulin; open peak, speci®c anti-OVA staining. (b) Confocal microscopy demonstrating immuno¯uorescence staining

for OVA (green), trans-Golgi network protein-38 (TGN38) (red) or co-localization expression (OVA/TGN) (yellow) in FRTL5 cells

after transfection with AdOVA±TGN38'. Cells stained with secondary antibody alone were not visible on the settings used for this

image.
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lymph nodes were removed, disaggregated, pooled and used as a

source of OVA-primed lymph node cells (LNC).

T-cell hybridomas

OVA-primed LNC were cultured for 3 days with 10 mg/ml of

OVA in complete RPMI before fusing with BW5147 cells

according to a standard polyethylene glycol-mediated cell-fusion

technique.18 Cells (hybridomas) able to survive in hypoxanthi-

ne/aminopterin/thymidine (HAT) selection medium were

expanded in number, maintained in complete RPMI and

subcloned between one and three times by limiting dilution.

To assay for antigen reactivity, 1r105/well hybridoma cells were

cultured in complete medium with antigen and 2r106 irradiated

Lewis rat thymocytes in 96-well ¯at-bottomed plates (Nunc,

Paisley, UK). Plates were then incubated for 48 hr and frozen

at x20u. IL-2 release into the supernatant, as a measure of

hybridoma activation, was then measured by using a CTLL-2

bioassay. One-hundred microlitre aliquots of defrosted super-

natant were added to 100 ml of complete RPMI-1640 containing

2r104 CTLL-2 cells that had been starved of IL-2 for 18 hr.

Cultures were then incubated for 48 hr, pulsed with 0.5 mCi of

[3H]deoxythymidine, harvested onto ®ltermats and [3H] uptake

H2.39.1 H3.39.5

C
.p

.m
. 

×
10

−3

200

100

0

400

200

0

(a)

0       90      190     290     390

OVA residue no.

H2.39.1
C

.p
.m

. 
×

10
−3

75

50

25

0

(b)

OVA HMG             − (OVA)AdV      (0)AdV      − (OVA)AdV      (0)AdV

+IFN-γ

H3.39.5

C
.p

.m
. 

×
10

−3

30

20

10

0
OVA HMG             − (OVA)AdV      (0)AdV      − (OVA)AdV      (0)AdV

+IFN-γ

+ anti-MHC II

C
.p

.m
. 

×
10

−3

30

20

10

0

(c)

+Ad      −AD      +Ad      −Ad      +Ad      −Ad     +Ad      −Ad

+IFN-γ +IFN-γ

0       90      190     290     390

Figure 2. (a) Recognition of ovalbumin (OVA) (initial peak) and 15-mer overlapping peptides of OVA by hybridomas H2.39.1 and

H3.39.5. (b) Right panels: response of H2.39.1 (upper panel, OVA 321±339 speci®c) and H3.39.5 (lower panel, OVA 261±279 speci®c)

to endogenous OVA presented by Fischer rat thyroid cell line (FRLT5) cells in the presence or absence of 100 IU/ml of interferon-c

(IFN-c). (±), untransfected; (OVA)AdV, transfected with AdOVA±TGN38k; (0)AdV, transfected with control virus Ad0. Left panel:

responses of the same hybridomas to exogenous OVA or horse myoglobin (HMG) (100 mg/ml), presented by thymocytes, for

comparison. (c) Presentation of OVA to H3.39.5 by FRTL5 cells transfected with AdOVA±TGN38k (+Ad) or not transfected (± Ad)

is blocked in the presence of 5 mg/ml of anti-major histocompatibility complex (MHC) class II antibody (OX-6; aMHC II). Similar

results were seen with OVA 321±339 spec®c hybridomas (data not shown). c.p.m., counts per minute.
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was measured by scintillation counting (Wallac, Turku, Fin-

land). Results are expressed as mean counts per minute

(c.p.m.)t standard error of the mean (SEM) of triplicate

CTLL-2 cultures.

For antigen-presentation studies, FRTL5 cells at 70±80%

con¯uence were precultured for 48 hr with 100 IU/ml of

recombinant rat IFN-c (to induce MHC class II expression)

and replication-de®cient AdOVA±TGN38' to induce OVA

expression (see below) in 96-well ¯at-bottomed wells. Cells

were then washed twice in situ to remove residual viral

particles, and 1r105 T-cell hybridoma cells were added in

100 ml of 2 : 1 : 1 medium for a further 48 hr before freezing and

assaying using the CTLL-2 bioassay, as described above. For

MHC-blocking experiments, antibodies were added together

with the hybridoma cells.

Generation of AdOVA±TGN38' adenovirus

The pcDNAI(OVA) plasmid encoding full-length OVA was

kindly provided by Dr N. Shastri (University of California,

Berkeley, CA). A 1.28-kbp section of OVA, corresponding to

amino acid residues 26±407 of whole OVA plus ¯anking in-

frame BclI restriction sites, was ampli®ed by using the

polymerase chain reaction (PCR) and ligated into the BclI

restriction site of the pMEP4(TGN38') construct, which

contains the full-length rat cDNA for the type I integral

membrane protein, TGN38.19,20 The' indicates the S331A

mutation introduced into the cytosolic domain of TGN38,

which promotes cell-surface expression.20 The resultant

TGN38'±OVA insert therefore codes for a chimaeric protein

that targets OVA to the trans-Golgi and cell membranes. The

TGN38'±OVA sequence was cloned into pXCXCMV to
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Figure 3. Fischer rat thyroid cell line (FRLT5) cells are ineffective at presenting exogenous antigen. (a±d): responses of H2.39.1 (a, b)

and H3.39.5 (c, d) T-cell hybridoma clones to exogenous ovalbumin (OVA), OVA 321±339 and OVA 261±279 peptides, presented by

FRTL5 cells after no exposure (a, c) or exposure (b, d) to 100 IU/ml of interferon-c (IFN-c). Small, yet speci®c, responses are seen. By

comparison, the responses of H2.39.1 (e) and H3.39.5 (f) clones to exogenous OVA or relevant peptide are much greater and occur at

lower antigen concentration when presented by professional antigen-presenting cells (APC) such as thymocytes (dashed line) as

compared to FRTL5 cells (solid line). Note the difference in y-axis scale. c.p.m., counts per minute.
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generate the adenoviral cloning vector pXCXCMV±

TGN38'/OVA. A recombinant, E1-gene deleted replication-

de®cient AdOVA-TGN38' adenovirus was then generated by

cotransfection of HEK-293 cells with pXCXCMV±

TGN38'/OVA and helper plasmid pJM17, as previously

described.21,22 AdOVA±TGN38' adenovirus was then

expanded by further growth in HEK-293 cells and puri®ed

by ultracentrifugation.22 Aliquots of adenovirus were stored at

x80u. An irrelevant control adenovirus (Ad0) with no

functional insert was generated by cotransfection of HEK-

293 cells with pXCXCMV and helper plasmid pJM17.

Immuno¯uorescence staining for confocal microscopy and ¯ow

cytometry

FRTL5 cells cultured on glass coverslips were incubated with

puri®ed virus for 36 hr in 2.1.1 medium. Cells were then

washed, ®xed by addition of neat ice-cold methanol and

labelled with speci®c primary antibody for 30 min. After

washing, cells were stained in the same manner with relevant

¯uorochrome-labelled second-layer antibodies and examined

for immuno¯uorescence using a Lecia DM-IRBE upright

epi¯uorescence microscope attached to a Leica TCS-NT

confocal laser scanning system (Leica, Milton Keynes, UK).

For ¯ow cytometry, 2r105 detached FRTL5 cells were

incubated in the presence of speci®c antibody in 50 ml of

prechilled phosphate-buffered saline (PBS) containing 5% (v/v)

FCS for 30 min at 4u, washed and then incubated with speci®c

¯uorochrome-labelled second-layer antibodies for 30 min at 4u
before passing through the a cytometer (FACSCalibur; Becton

Dickinson).
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Figure 4. Flow cytometry analysis of Fischer rat thyroid cell line (FRLT5) cells (a, c) or FRTL5 cells transfected with AdOVA±

TGN38' (b, d) in the absence (a, b) or presence (c, d) of 100 IU/ml of interferon-c (IFN-c) to show lack of effect on major

histocompatibility complex (MHC) expression. Shaded peak, irrelevant primary antibody; solid line, MHC class II; dashed line, MHC

class I. Panel (e) indicates that addition of irrelevant Ad0 virus does not enhance the presentation of 100 mg/ml of exogenous

ovalbumin (OVA) protein by FRTL5 cells to the T-cell hybridoma clone H3.39.5. Presentation by FRTL5 cells transfected with

AdOVA±TGN38' is shown for comparison. c.p.m., counts per minute.
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RESULTS

Presentation of endogenous OVA by FRTL5 cells

To investigate the ability of FRTL5 cells to present endogenous

antigen, an adenoviral vector encoding a chimaeric

OVA/TGN38' protein was constructed (see the Materials

and methods) in which the N-terminus of the TGN protein,

TGN38, provides an effective signal sequence for the fusion

protein to enter the endoplasmic reticulum, and the mutated C-

terminal cytosolic domain of TGN38' (S331A mutation)

targets the protein to the TGN, the cell surface and the

lysosomal membrane system.19,20 In this manner, OVA/

TGN38' mimics endogenous membrane-associated proteins,

such as thyroid peroxidase and the thyroid-stimulating

hormone receptor, which form the majority of self-antigens

identi®ed to date.23 Use of an adenoviral expression system

allows a high rate of transfection and expression in FRTL5

cells that is not achievable by using other transfection

methods.24

Flow cytometric analysis of FRTL5 cells exposed to

AdOVA/TGN38' adenovirus for 36 hr con®rmed surface

expression of OVA and that a very high proportion of cells

were expressing recombinant viral protein at the cell surface ±

typically around 70% (Fig. 1a). In addition, the level of

infection and expression was shown not to be affected by

exposure to IFN-c (Fig. 1a, right panel). Confocal imaging of

transfected cells con®rmed that, as expected,22 OVA/TGN38' is

present on intracellular membranes (apparently including those

of the TGN, Fig. 1b) in addition to the cell surface.

The major T-cell epitopes of OVA in the Lewis rat (which

shares MHC class II haplotype with the Fischer rat ± RT1l but

is easier to immunize) were then mapped using primed lymph

node cells and 94 overlapping peptides spanning the OVA

sequence (data not shown). Two dominant sequences were

identi®ed (OVA 261±279 and 321±339). A panel of cloned

ratrmouse T-cell hybridomas with the ablility to recognize

one or other of the epitopes as well as whole OVA was then

generated, and class II restriction was con®rmed using blocking

anti-MHC class I (OX-18) and class II (OX-6) monoclonal

antibodies (mAbs) (Fig. 2a and data not shown). Thymocytes

were used as antigen-presenting cells (APC), common practice

in rat immunology because they are more effective than

unpuri®ed splenocytes for stimulating T cells.25

OVA-speci®c hybridomas were then exposed to transfected

FRTL5 cells expressing OVA±TGN38'. A high degree of T-cell

hybridoma activation was observed (Fig. 2b). This response

was dependent on prior IFN-c exposure to induce MHC class

II molecule expression on the FRTL5 cells (Fig. 2b) and was

blocked by anti-MHC II antibodies (Fig. 2c), con®rming that

the hybridomas were indeed detecting OVA±MHC class II

complexes on the cell surface. Prior infection of FRTL5 with

irrelevant Ad0 adenovirus (possessing no recombinant insert)

did not result in any T-cell hybridoma activation (Fig. 2b).

Note that FRTL5 cells generated peptide±MHC complexes

from endogenous OVA containing both of the major epitopes

identi®ed using lymph node cells (Fig. 2b). Previously, there

has been concern that processing by non-professional APC

would generate new `cryptic' epitopes from self-antigens,

thereby bypassing self tolerance mechanisms. We found no

evidence of this in our system.

Presentation of exogenous OVA by FRTL5 cells

In contrast to endogenously expressed OVA, presentation of

exogenous OVA by FRTL5 cells was found to be very

inef®cient. Some activation of OVA-speci®c T-cell hybridomas

was seen and shown to be epitope speci®c and dependent on

MHC class II induction with IFN-c (Fig. 3a, 3b, 3c, 3d).

However, concentrations of OVA 10±100-fold higher than

those needed to activate the hybridomas with bone-marrow

derived APC were required (Fig. 3e, 3f). Furthermore, the level

of hybridoma activation by FRTL5 cells, even at the highest

concentrations, was very much lower than that seen with either

professional APC (Fig. 3e, 3f) or presentation of endogenous

antigen by FRTL5 cells (compare Figs 3 and 2a, noting y-axis

scale). Presentation of exogenously administered OVA peptides

was also poor, although slightly more effective than presenta-

tion of whole OVA (Fig. 3). Taken together, these data suggest

that exogenous antigen has limited access to the peptide

loading compartment in FRTL5 cells. However, we cannot

exclude that our peptides require further processing before

binding to MHC class II molecules, in which case the inef®cient

presentation of exogenous antigen seen here may represent

either a failure of antigen uptake or of processing of

exogenously derived antigen.

Effects of adenoviral transfection on antigen presentation

Infection of thyroid cells with live reovirus has previously been

shown to induce MHC class II expression.26 Although our

system used replication-defective adenoviral constructs in

which only a limited number of adenoviral genes were

expressed,21 we were keen to exclude the possibility of a non-

speci®c enhancing effect of the viral construct on antigen

presentation by FRTL5 cells. Transfection with AdO-

VA/TGN38k did not induce MHC class II expression by

FRTL5 cells and did not enhance levels of class II expression

after exposure to IFN-c (Fig. 4a 4b, 4c, 4d). Furthermore,

infection with adenovirus lacking the OVA insert was not

found to correct defective presentation of exogenous antigen by

FRTL5 cells (Fig. 4e). These experiments indicate that it is

unlikely that the defective adenoviral construct used has similar

effects as live reovirus on antigen processing and presentation

by FRTL5 cells, although more subtle effects on the processing

and peptide loading pathways cannot be completely excluded.

DISCUSSION

Our results provide the most direct evidence to date that

endogenous self-antigens can access the inducible MHC class II

pathway in specialized epithelia, such as thyroid cells. The

potent activation of T-cell hybridomas, seen after presentation

of endogenously expressed antigen by FRTL5 cells, demon-

strates clearly for the ®rst time that competent antigen

processing pathways exist within TEC and that processed

endogenous antigen is loaded onto MHC class II molecules

successfully. Furthermore, these experiments also indicate that

suf®cient levels of MHC class II molecules are expressed at the

cell surface, after IFN-c induction, to activate T-cell hybrido-

mas. By using a thyroid cell line, we excluded a contribution by

any other APC in this process, and the use of T-cell hybridomas

allowed us to study antigen processing and class II loading in
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FRTL5 cells separately from the costimulatory potential of

these cells. We studied the presentation of a membrane-

associated test antigen that we believe mimics the cellular

distribution of several well-characterized self-antigens which

are known to be involved in the autoimmune process.23 Access

of antigens from other parts of the cell, notably the cytosol, to

the MHC class II pathway was not examined.

Although we believe that we have used the `cleanest'

experimental system employed to date to study access of

endogenous antigen to the class II pathway in thyroid cells,

there remain several technical uncertainties. First, even though

FRTL5 cells are non-virally transformed and express many

differentiated functions, it is still possible that they are not truly

representative of normal thyroid cells. Second, levels of the test

endogenous antigen studied will probably be higher than that

of many self-antigens and although we have attempted to

mimic a typical cellular distribution of autoantigen, there may

be important differences. Finally, it remains possible that the

adenoviral expression system used is able to alter the antigen

processing machinery in FRTL5 cells. However, such viral

effects tend to impair, rather than enhance, antigen presenta-

tion27 and we have excluded an enhancing effect similar to that

seen with reovirus.26

Our ®nding that, in contrast to their ability to present

endogenous antigen, FRTL5 cells are inef®cient at presenting

exogenous antigen may explain why several previous workers

have had limited success in studies with exogenous antigen.13,15

However, it contrasts with the ®nding that human TEC derived

from autoimmune glands can effectively present exogenously

supplied viral peptides to T cells.6,8 This discrepancy may

re¯ect contamination of human TEC preparations with small

numbers of dendritic cells, a difference between human TEC

and FRTL5 cells, or an enhanced presentational capacity of

TEC involved in autoimmune disease.

Our demonstration that endogenous antigens can access the

inducible class II pathway in thyroid cells has important

implications for autoimmunity. It indicates that in the presence

of factors able to induce MHC class II expression in thyroid

cells, such as IFN-c, self-antigen is no longer `sequestered', but

available to CD4 T cells in suf®cient quantities to result in T-

cell activation. Although TEC lack expression of B7.1 and

B7.2,28,29 they do express CD40,30 which may promote T-cell

responses. On the other hand, TEC also express Fas ligand

(CD95L),31 which might be expected to promote apoptosis of

T cells.5 The diversity of the self-antigen response reported in

spontaneous autoimmunity7 and the `determinant spreading'

from the antigen used to induce disease to other autoantigens

seen in animal models of autoimmunity over time32 both

strongly argue that self-antigens are actively presented to the

immune system in autoimmune disease. Whether this occurs

via the inducible MHC class II pathway studied here, or

whether this pathway serves to inhibit this process by delivering

negative signals in vivo, remains to be determined.
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